Near surface and vertical in situ measurements of atmospheric aerosols were 19 conducted in Shanghai during March 19-27, 2010 to explore the transport and 20 chemical evolution of dust aerosols in a super dust storm. An air quality model with 21 optimized physical dust emission scheme and newly implemented dust chemistry was 22 utilized to study the impact of dust chemistry on regional air quality. Two 23 discontinuous dust periods were observed with one travelling over Northern China 24 (DS1) and the other passing over the coastal regions of Eastern China (DS2). Stronger 25 mixing extents between dust and anthropogenic emissions were found in DS2, 26 reflecting by the higher SO 2 /PM 10 and NO 2 /PM 10 ratios as well as typical pollution 27 elemental species such as As, Cd, Pb, and Zn. As a result, the concentrations of SO 4 2-28 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017Discuss., doi:10.5194/acp- -438, 2017 Manuscript under review for journal Atmos. Chem. Phys. between calcites and acid gases were significantly promoted in DS2 due to the higher 31 level of relative humidity and gaseous pollution precursors. Lidar observation showed 32 a columnar effect on the vertical structure of aerosol optical properties in DS1 that 33 dust dominantly accounted for ~80-90% of the total aerosol extinction from near the 34 ground to ~700m. In contrast, the dust plumes in DS2 were refrained within lower 35 altitudes while the extinction from spheric particles exhibited maximum at a high 36 altitude of ~800m. The model simulation reproduced relatively consistent results with 37 observations that strong impacts of dust heterogeneous reactions on secondary aerosol 38 formation occurred in areas where the anthropogenic emissions were intensive. 39
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Model simulation 178
The WRF/CMAQ modeling system was applied to simulate the dust chemistry in 179 this study. The Weather Research and Forecasting model (WRFv3.4) was used to 180 produce the meteorology fields by digesting the reanalysis data from National Centers 181 for Environmental Prediction (NCEP). The Community Multiscale Air Quality 182
Modeling System (CMAQv5.0.1) was configured with the 2005 carbon bond 183 gas-phase mechanism (CB05) and aerosol module AE6. The default CMAQ model 184 doesn't include dust chemistry reactions but only the dust emission module. We have 185 implemented dust chemistry in the CMAQ model and corrected the dust emission 186 module in our earlier work (Dong et al., 2015) , which was used to simulate the 187 heterogeneous reactions on dust during the long-range transport in this study. Briefly, 188 the major developments included: (1) The default dust emission module in CMAQ 189 was found to strongly underestimate the dust emissions. By removing the double 190 counting of soil moisture in the default dust emission module and conducting a 191 reanalysis of field data, the threshold friction velocities over various land covers were 192 re-adjusted. (2) The source-dependent speciation profiles of dust particles from the 193
Taklimakan and Gobi Desert were implemented based on field measurement data. (DT), Hohhot (HHT), and Beijing (BJ) (red circles in Fig.1a,) reached the threshold of 220 600 µgm -3 , the maximum value recorded by API (Fig. 2a) particles is higher than pollution particles due to the non-sphericity of dust particles. 238
Thus, aerosol DR is a useful parameter to identify dust events and a threshold value of 239 10% is usually used to distinguish dust from other types of particles (Shimizu et al., 240 2004) . As shown in Fig. 3a , there were evidently two discontinuous periods with 241 aerosol DR higher than 10%, consistent with the two peaks of PM 10 concentrations 242 measured near the ground (Fig. 4c) Shanghai are shown in Fig. 2 . It is interesting to note that the transport pathways of 247 the dust plumes in DS1 and DS2 were distinctly different. In DS1, the dust plumes at 248 both low altitudes (i.e. 250m denoted by the black lines in Fig. 2c-d ) and high 249 altitudes (i.e. 1000m denoted by the red lines in Fig. 2c-d In DS2, the air masses reaching Shanghai are shown in Fig. 2e -h . From the 255 starting of DS2 to the midday of March 22 (Fig. 2e-f) , the backward trajectories were 256 still mainly from the north but we noticed that the low altitude trajectories which 257 originated from the Gobi Desert travelled over the Yellow Sea and East China Sea 258 and then circled back to Shanghai. After the midday of March 22 (Fig. 2g-h ), the 259 trajectories became much shorter and restricted within the costal and offshore areas. 260
The low-altitude trajectories were mainly from the ocean and the high-altitude 261 trajectories shifted from the south. As indicated by the surface observation (Fig. 4a) , 262 the southeasterly winds prevailed until ~18:00 LST, March 22 when PM 10 climbed to 263 reach its peak value in DS2, quite different from DS1 when the northerly winds 264 Observations) transect at around 13:00 -13:30 LST, March 21 specified that the 266 major aerosol type was dust over the East China Sea and South China Sea (Fig. S1) . 267 Therefore, it was evident that DS2 passed over the coastal regions of Eastern China 268 and the ocean and it should be a humid dust plume. 269
As visualized in Fig. 3 , the two dust plumes were mostly transported at low 270 altitudes below 1km. It is expected that this type of transport would benefit for the 271 mixing and interactions between dust particles and anthropogenic pollutants, as the 272 anthropogenic emissions were mainly trapped within the boundary layer. Transport 273 pathway is one of the most important factors accounting for the evolution of dust 274 particles and the resulting environmental effects (Zaizen et al., 2014; Zhang et al., 275 2010) . In this super dust storm, the two discontinuous dust plumes reaching Shanghai 276
were distinctly different in their transport pathways, providing a great opportunity to 277 study the chemical evolution of dust particles under different transport conditions. 278 06:00 to 18:00 LST), southerly winds sustained until 18:00 LST, March 22, opposite 312 to DS1. As discussed above, DS2 had gone through the maritime environment during 313 most of its transport trajectory. This can be corroborated by the moderately high RH 314 (Fig. 4b ). After 18:00 LST, March 22, PM 10 underwent a quick decline followed by 315 the prevailing northeast winds and continuously elevated RH. This suggested the sea 316 breezes after 18:00 LST were almost free of dust particles and acted as cleaner for the 317 dust pollution that was previously accumulated. Compared to the mean RH of 46% ± 318 18% in DS1, RH in DS2 was much higher of 69% ± 8%. This was mainly attributed 319 to the different transport pathways of the two dust episodes. 320
One interesting phenomenon that has been rarely observed was that the temporal 321 variations of SO 2 and NO 2 varied fairly consistent with that of PM 10 in DS2 (Fig. 4c) , 322 quite different from DS1 and previous studies (Fu et al., 2010; Guo et al., 2004 ) that 323 dust usually had a clean effect on the local gaseous pollutants, causing inverse 324 relationship between SO 2 /NO 2 and PM 10 . In this case, NO 2 reached its maximum 325 hourly concentration of 131µgm -3 along with the maximum PM 10 in DS2, the highest 326 during the whole study period. This probably indicated that the dust particles in DS2 327
were externally mixed or "coated" with abundant gaseous pollutants. As a result, the 328 SO 2 /PM 10 and NO 2 /PM 10 ratios reached 0.11 ± 0.03 and 0.20 ± 0.04 in DS2, 329 respectively, much higher than those in DS1 and in a super dust day of April 2, 2007 330 in Shanghai (Fu et al., 2010) , revealing that the dust plumes in DS2 were much more 331 polluted. 332
In the following sections, we will investigate deeply into the chemical 333 characteristics and evolution of the two dust episodes. 334 Table 1 lists the concentrations of measured elements in TSP before, during, and 338 after the two dust episodes in Shanghai. D and N represent the samples that collected 339 in daytime (~8:00 to ~20:00 LST) and nighttime (~20:00 to 8:00 LST in the next day), 340 respectively. NDS represents the non-dust days from March 25 to 27 and the mean 341 concentrations are shown in Table 1 . To identify whether these elements were mainly 342 derived from the crustal source or anthropogenic sources, enrichment factors of 343 elements were calculated. Enrichment factor (EF) is defined as 344 Mg, Na, Mn, Ti, Sr, Ni, and V were calculated to be lower than 5, indicating these 348 eleven elements were mostly from the crustal source, while EFs of As, Cd, Pb, and Zn 349 were higher than 10 even during the dust periods (Fig.5c ), indicating these four 350 elements were significantly influenced by anthropogenic sources. Hence, Al, Cu, Ca, 351
Fe, Mg, Na, Mn, Ti, Sr, Ni, and V were classified as "crustal elements" while As, Cd, 352
Pb, and Zn were classified as "pollution elements". Due to the dilution effect of dust 353 plumes, EFs of the four pollution elements decreased from ~100-150 in NDS to 354 ~10-50 in DS1 and ~20-115 in DS2. 355
As shown in Table 1 those in DS2 (22D), corroborating that the intensity of DS1 was stronger than in DS2. 362
As for the pollution elements, the non-crustal part (nc-) of As, Cd, Pb, and Zn were 363 estimated as nc-X = X -Al × (X/Al) crust . The concentrations of nc-As, nc-Cd, nc-Pb, 364 and nc-Zn increased in both DS1 and DS2, about 1-4folds of those in NDS (Fig. 5a) . 365
As these elements were mainly derived from anthropogenic sources such as coal 366 combustion, industrial processing, vehicle emissions, etc., their enhancement 367 indicated that abundant pollutants had been transported to the downwind regions 368 along with the dust plumes. The mean concentrations of nc-As, nc-Cd, nc-Pb, and 369 nc-Zn were 23.5, 3.6, 154.2, and 580.1 ngm -3 in DS2, higher than those of 18.3, 3.1, 370 119.7, and 447.4 ngm -3 in DS1, indicating DS2 was more polluted. Consistently, the 371 mass ratios of nc-As, nc-Cd, nc-Pb, and nc-Zn in TSP were 5.1×10
-3 %, 7.2×10 -4 %, 372 3.1×10
-2 %, and 1.2×10 -1 % in DS2, higher than those of 1.9×10 -3 %, 3.7×10 -4 %, 373
1.5×10 -2 %, and 6.2×10 -2 % in DS1 (Fig. 5b) . 374 , and Ca 2+ increased the most among 378 all the ions in both DS1 and DS2 due to their crustal origin, ~2-5 and ~2-3 folds of 379 those in NDS. However, the mass ratios of these ions in TSP generally decreased in 380 the dust periods (Fig. 6d) , as the masses of dust particles were dominated by 381 water-insoluble matters. Different from NDS, the concentrations of Ca 2+ exceeded 382 were comparable to that in DS1 (Fig. 6b) , although the intensity of DS1 was much 390 stronger than DS2. In addition, the mass ratios of Ca 2+ in TSP were even higher in 391 DS2 than in DS1 (Fig. 6d) . Collectively, these results indicated that more calcium in 392 This could be also revealed by the ratio of Ca 2+ /Ca that was higher in DS2 (0.2-0.5) 394 than in DS1 (0.1-0.2) (Fig.7a) . In DS2, the dust plumes travelled over the ocean and 395 carried higher amount of water vapor as well as SO 2 and NO 2 than DS1 as discussed 396 earlier. In this regard, the heterogeneous reaction between calcium carbonate and 397 acidic gases was enhanced more in DS2, resulting in a higher fraction of calcium 398 carbonate from dust particles that could be transformed to soluble calcium. 399
Cl
-during the dust periods was moderately enhanced by ~1-2 folds compared to 400 NDS, indicating that Cl -was also impacted by the invasion of dust plumes. As shown 401
in Fig. 6a & 6c , both the concentrations of Cl -and its mass ratios in TSP were higher 402 in DS2 than in DS1. As the air masses of DS2 passed over the ocean, part of the high 403 also decreased, its reduction extent was much weaker of 27.8% and was still ~2 folds 419 of that in NDS (Fig. 6a) . Nitrate formation on dust is strongly dependent on the 420 their levels were still higher than the non-dust days (Fig. 6a) . Also, the mass ratios of 434 SO 4 2-and NO 3 -in TSP were higher in DS2 than DS1 (Fig. 6c) . These results indicated 435 that SO 4 2-and NO 3 -were more favorably formed in DS2. It was observed that the 436 concentration of NO 3 -was even higher than that of SO 4 2-in both daytime and 437 nighttime samples during DS2, showing a contrary behavior to DS1. As discussed 438 above, the formation of nitrate on dust strongly depends on the ambient conditions. 439 During DS2, RH was at a moderately high level, enhancing the efficiency of aqueous 440 processing on the particles. In addition, the abnormally high concentrations of NO 2 441 (Fig. 4c) 
Vertical evolution of dust particles 474
In both DS1 and DS2, dust aerosols were mostly refrained below the altitude of 475 1km. Strong vertical gradients of DR and BSC were observed (Fig. 3) . To 476 pollution particles dominated. Accordingly, the contribution of dust to the total 486 extinction was less than 20% (Fig. 8e) . As discussed earlier, the high values of light 487 extinction caused by pollution aerosol before the onset of DS1 were due to the 488 pre-accumulation of local and transported pollutants brought by the invaded cold front. 489
On the pathway of DS1 (Fig. 2c) , the air masses travelled over large areas with 490 intense anthropogenic emissions and thus a large quantity of pollutants could be 491 pushed to the downstream areas and accumulated before the dust plume arrived. 492
As DS1 invaded, BSC further increased and reached 0.025 sr -1 km -1 near the surface 493 level (Fig. 8b-c) . In the meantime, the values of DR were elevated to be higher than 494 10% from near the ground to ~ 1km (Fig.8f-g ). When PM 10 reached its highest 495 concentrations (>1000µgm -3 ), the mean DR was ~20-25% extending from near the 496 ground to ~700m (Fig.8g) In DS2, the maximum aerosol BSC and DR averaged between 6:00 and 18:00 LST, 510
March 22 was ~0.015 sr -1 km -1 and 18%, respectively, observed at an altitude of 511 ~300m. Different from DS1, both DR and the dust ratio had a significant vertical 512 gradient in DS2. As showed in Fig. 8h , DR decreased quickly from its maximum 513 value at ~250m to 5% at ~750m. Correspondingly, the dust ratios decreased from 514 88% to 25%. Moreover, the vertical profiles of dust and pollution extinction 515 coefficients showed distinctly different behaviors during this period. As shown in Fig.  516 8d, the maximum extinction coefficient of dust particles (~0.55 km -1 ) showed at the 517 altitude of ~250m, while that of pollution particles (~0.25km -1 ) appeared at a higher 518 altitude of ~800m. As compared to DS1 (Fig. 8b-c) , aerosol extinction caused by 519 spheric particles in DS2 showed similar magnitudes below ~ 270m. Above this 520 altitude, aerosol extinction caused by spheric particles in DS2 gradually increased 521 while that in DS1 varied relatively stable with the altitudes. The enhancement of 522 pollution particles in the middle layer during DS2 should be mainly attributed to its 523 unique transport pathway. As shown in Fig. 2e , substantial air masses in the upper 524 layer transported from the south and may bring more moisture. The sounding data at a 525 meteorology station (31.40°N, 121.46°E) in Shanghai supported this statement as 526 shown in Fig. S2 . 527
Opposite to the low relative humidity (RH) and its decreasing trend with altitude in 528 DS1, RH in DS2 (measured at 8:00 and 20:00 LST of March 22, respectively) showed 529 much higher values and an increasing trend with altitude (Fig. S2) . This phenomenon 530 corroborated our discussions above that the meteorological conditions were more 531 favorable for promoting the dust chemistry in DS2. As a result, the secondary aerosol 532 hand, due to the higher humidity in DS2, the soluble aerosol components should 536 undergo stronger hygroscopic growth and thus partly explain the structure of vertical 537 profile of spheric particles as shown in Fig. 8d . It is commonly regarded that in a dry 538 and less oxidative environment that dust storms are usually associated with, the 539 formation and growth of secondary aerosols are often depressed. However, under 540 certain favorable conditions, new particle formation during dust events could be still 541 discernible (Nie et al., 2014) . In this study, vertical profiles of crucial meteorological 542 parameters, pollutant precursors and particle numbers were not available for 543 diagnosing the new particle formation. Tethered balloon-based measurement (Li et al., 544 2015) could be a good platform for investigating the particle formation during dust 545 events at different altitudes in the future research. 546 547 3.6 Impact of dust chemistry on regional air quality 548
Chemical transport modeling (Methods in Section 2.5) was utilized to assess the 549 impact of dust chemistry on the perturbation of air quality at the regional scale. The 550 model performance of CMAQ with improved dust module has been evaluated against 551 various observational datasets and it was demonstrated that the model has relatively 552 good capability in capturing both magnitudes and temporal variability of bulk aerosol 553 (e.g. PM 10 , AOD) during the spring season over China (Dong et al., 2016) . It has to be 554 noted that the model only simulated the aerosol size up to 10 µm while the 555 observation of aerosol chemistry included all the sizes (i.e. TSP), hence the mismatch 556 of size distribution between the model and observation precluded the evaluation of the 557 simulated aerosol chemical species in this study. In the following discussions, we 558 focused on the qualitative assessment of the impact of dust chemistry on the regional 559 air quality. 560 of East China (Fig. 9c) . Accordingly, the simulation showed similar behavior with 576 strengthened concentrations of mineral aerosols over the Gobi Desert and downwind 577 areas of the Yangtze River Delta (Fig. 9d) the difference between these two simulations. Fig. 10a&c shows the spatial 589 distribution of sulfate via the formation pathway of dust heterogeneous reactions, as 590 well as for nitrate in Fig. 10b&d . Different from the spatial distribution of mineral 591 aerosols (Fig. 9a-c) , the formation of sulfate and nitrate via dust chemistry mainly 592 occurred over Northeastern China. This is expected that although the major source 593 region of mineral dust is from the Gobi Desert in Northern China, less anthropogenic 594 emission sources existed there, hence relatively weak atmospheric chemical 595 processing was simulated over the dust source region. On the other hand, drier climate 596 in Northern China also suppressed the extent of heterogeneous reactions on the 597 surface of dust. Hence, the strongest impact from dust heterogeneous reactions on the 598 formation of secondary aerosols occurred in those populous areas where the 599 interaction of anthropogenic precursors and dust was the strongest. 600
As for sulfate, the simulated concentration over Shanghai averaged 8.1, 3.1, and 8.5 601
μgm
-3 from March 20 -22, respectively. This temporal variation corresponded to that 602 from observation as discussed in Section 3.4.2. While it has to be noted again that the 603 simulated aerosol species contained particulate sizes less than 10 μm, close match 604 between the simulation and observation was not expected. As we compare DS1 (Fig.  605 10a) and DS2 (Fig. 10c) , the simulated sulfate during DS2 was evidently more intense 606 than that during DS1 at a larger geographic region, which was fairly consistent with 607 the observation. Since the daily emission rates digested by the model were almost 608 constant during this period, meteorological conditions should be the determining 609 factor, of which elevated humidity during DS2 has been diagnosed as the most 610 important factor responsible for stronger dust chemistry. 611
As for nitrate, its spatial distribution pattern was as similar as that of sulfate at a 612 certain extent. The simulated concentration of nitrate averaged 3.1, 2.3, and 5.2 μgm relatively high uptake coefficients on the dust. It was possible that the formation of 628 HNO 3 was underestimated, thus lowering the production of nitrate. However, this is 629 just a guess as observation of gaseous HNO 3 was not available in this study. Lastly, 630
we think the underestimation of nitrate may be due to the omission of nitrate 631 processing on the surface of sea salt, which was especially important for costal cities 632 such as Shanghai (Buseck and Posfai, 1999) . 
